RESEARCH
N onsexual introduction of genes in plants is an increasingly popular approach for improving quality and agronomic characteristics. For many species, part of the process involves passage through tissue culture. (Dahleen and Manoharan, 2007; Ignacimuthu et al., 2000; Hansen and Wright, 1999) . However, problems with plant regenerability, such as genotype restrictions, poor plant recovery, and genetic instability, that result in loss of regenerability and somaclonal variation lead to ineffi ciencies in the creation and use of transgenic plants (Luhrs and Lorz, 1987; Bregitzer et al., 1998; Birch, 1997) . Barley (Hordeum vulgare L.) is an important food and feed crop but does not readily regenerate from tissue cultures. Application and modifi cation of phytohormones, use of immature and mature embryos, improvements in basal media components, as well as impact of donor plant environments have been studied in barley for improving regeneration rates (Dahleen and Bregitzer, 2002; Dahleen, 1995; 
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ABSTRACT
Green plant regeneration from tissue culture is under the genetic control of multiple genes. Candidate genes for regeneration have been identifi ed in multiple species using quantitative trait loci (QTL) and microarray analyses, and some of these genes have been verifi ed as improving regeneration through transformation. Multiple studies have located QTL for regeneration from barley (Hordeum vulgare L.) tissue cultures, but these studies have been based on restriction fragment length polymorphism markers that do not provide information on candidate genes. A recent transcript-derived marker barley map based on expressed sequence tags was used to locate QTL for barley green plant regeneration and identify candidate genes. Quantitative trait loci analysis identifi ed four signifi cant regions, on chromosomes 2H, 3H, 6H, and 7H, in places where QTL were previously identifi ed. An additional four regions were suggestive for green and/or albino plant regeneration on chromosomes 1H, 3H, 4H, and 5H. Examination of transcript-derived markers at the QTL peaks showed that many genes identifi ed as important for regeneration in other species were located in these QTL peaks, including a gene for ferredoxin-nitrate reductase and genes involved in hormone response and synthesis, cell division and the cell cycle, chloroplast development, and transcription factors. Identifying these genes allows manipulation to better understand the processes involved in regeneration from barley tissue cultures.
1999; Chang et al., 2003; Sharma et al., 2005; Jha et al., 2007; Luhrs and Lorz., 1987) . Plant regeneration from cultured tissues is under quantitative genetic control, but the underlying genes are largely unknown. One approach to identifying genes is mapping, and several genetic markers associated with regeneration have been identifi ed. The fi rst quantitative trait loci (QTL) for shoot diff erentiation from barley immature embryoderived callus was identifi ed using morphological and isozyme markers (Komatsuda et al., 1993) . The QTL, named Shd1, was located on chromosome 2H in a backcrossderived population from 'Azumamugi' × 'Kanto Nakate Gold' (KNG), with the KNG allele signifi cantly improving diff erentiation. Komatsuda et al. (1995) continued backcrossing to Azumamugi to develop a set of BC 5 F 1 nearisogenic lines. Restriction fragment length polymorphism (RFLP) and tissue culture analysis confi rmed the positive eff ects of Shd1 on shoot diff erentiation and its placement on the long arm of chromosome 2H, proximal to the centromere. Soon after, Mano et al. (1996) mapped tissue culture QTL in the Steptoe × Morex (Kleinhofs et al., 1993) doubled haploid mapping population and identifi ed four QTL for shoot regeneration. These included a locus Qsr1 in the same position on chromosome 2H as Shd1, Qsr2 on the short arm of chromosome 3H, Qsr3 on the long arm of chromosome 6H, and Qsr4 on the long arm of chromosome 5H. Comparative mapping of the RFLPs linked to the barley shoot regeneration QTL to those in rice (Oryza sativa L.) suggested that Qsr1, Shd1, and a rice regeneration QTL qRg4b shared an ancestral origin (Taguchi-Shiobara et al., 2001) . Bregitzer and Campbell (2001) reexamined the Steptoe × Morex population using improved tissue culture techniques and identifi ed eight QTL for green plant regeneration, although only six were used in the development of a predictive model. Four of the six QTL coincided with Qsr1-4 (Mano et al., 1996) . The four new QTL were located on chromosomes 3H, 4H, 5H, and 7H. Bregitzer and Campbell (2001) also located two QTL for albino plant regeneration on chromosomes 1H and 3H. Mano and Komatsuda (2002) continued tissue culture QTL analysis using 'Azumamugi' × KNG recombinant inbred populations and compared their fi ndings to the Steptoe × Morex population. Two of the QTL for shoot diff erentiation appeared to be coincident with Qsr1 and Qsr2. The third shoot diff erentiation QTL was on chromosome 1H in the same region as an albino QTL identifi ed by Bregitzer and Campbell (2001) . Mano and Komatsuda (2002) also located two QTL for green shoot ratio on chromosome 7H, one of them in the same region as a green shoot regeneration QTL located by Bregitzer and Campbell. The maps used in the abovementioned studies were based on RFLP markers, and thus, little insight into the genes involved in the regeneration process could be made on the basis of just these maps.
The studies referenced above used techniques that could identify broad genomic regions putatively containing genes critical to regeneration but off ered little insight into the identity of these genes. Recently, Nishimura et al. (2005) isolated a QTL encoding ferredoxin-nitrite reductase (NIR) that increases regeneration in rice using map-based cloning. However, such approaches are time and resource consuming, especially when multiple QTL on diff erent chromosomes are involved. In the present study, an alternative approach was chosen that involved reanalyzing previous phenotypic data (Bregitzer and Campbell, 2001 ) against the transcript-derived marker (TDM) map data recently published (Potokina et al., 2008) . This enables a comparative genomics approach that results in a better understanding of the genes that are associated with already-identifi ed QTL.
A number of resources from barley and other species are available to facilitate this work. Microarray analyses in Arabidopsis, rice, and other species (Nishimura et al., 2005; Thibaud-Nissen et al., 2003; Sharma et al., 2008; Chatfi eld and Raizada, 2008; Che et al., 2002 Che et al., , 2006 DeCook et al., 2006; Lall et al., 2004; Zhou et al., 2004) have identifi ed many genes that are up-or downregulated during shoot organogenesis. The availability of the Barley1 GeneChip (Close et al., 2004) enabled the mapping of 23,738 expression-QTL (e-QTL) in 12,987 expressed sequence tags (ESTs) (Potokina et al., 2008) based on TDMs in the Steptoe × Morex population. Each gene on the GeneChip is represented by 11 probes (Close et al., 2004) . A TDM is a probe of a gene that shows diff erences in signal intensities produced by the two parents and can separate an inbred population into one of the two parental groups.
The objective of this study was to compare tissue culture regeneration data with TDM data to identify potential genes involved in regeneration from cultured tissues. Since the TDMs are based on ESTs, EST-based QTLs should describe genomic regions containing genes that control processes involved in regenerability-culture response. This would represent a signifi cant step toward the goal of understanding the processes underlying tissue culture and regeneration responses. This knowledge would enable the specifi c manipulation of these genes to increase regeneration effi ciencies and, ultimately, benefi t barley transformation experiments.
MATERIALS AND METHODS
Green and albino plant regeneration rates were measured previously (Bregitzer and Campbell, 2001 ) for 71 doubled haploid (DH) lines chosen randomly from the 150 DH line Steptoe × Morex population (Kleinhofs et al., 1993) . This subsetting was a necessary compromise that enabled suffi cient resources to conduct three separate experiments as the basis for determining regeneration characteristics of each measured DH line. However, the molecular marker data for TDMs were developed and mapped by Potokina et al. (2008) on the basis of the full 150 DH line population. Working from their data, provided as supplemental Campbell (2001) , whose model of main eff ects and interactions explained 62% of the variability. Note that in addition to these four markers, the model proposed by Bregitzer and Campbell (2001) included an additional QTL near abg705 (not identifi ed in the present study) as well as a QTL near wg908 (identifi ed as a marker suggestive for green plant regeneration; see below).
A number of markers had LRS values that were suggestive for both green and albino plant regeneration, indicating there may be QTL associated with those regions. Several of these are noteworthy. For green plant regeneration, Contig8017 on chromosome 3H appears to be Qsr2, while Contig18869 on chromosome 5H is in the same location as Qsr4 (Mano et al., 1996) . These QTL were identifi ed and mapped near abc174 and wg908, respectively, by Bregitzer and Campbell (2001) , although only the QTL near wg908 was included in their proposed model. The QTL suggestive for albino plant regeneration on chromosome 1H, Contig12474, was identifi ed as an albino QTL by Bregitzer and Campbell (2001) . The other two suggestive albino regions on chromosomes 4H and 5H were previously associated with green plant regeneration (respectively, abg500b [not included in their predictive model] and wg908) by Bregitzer and Campbell (2001) . Note that the 5H marker for albino plant regeneration is very near the 5H marker for green plant regeneration (Table 2) , which could indicate the presence of a gene or genes infl uencing processes common to both green and albino plant regeneration.
Interactions were found between the markers on chromosomes 2H and 7H when there was no control for other QTLs. When the signifi cant markers were placed in the background, the only interactions observed were between linked markers on the same chromosome.
An analysis of e-QTL data (Potokina et al., 2008) and barley ESTs for similarities to genes associated with regeneration in other species revealed that many such genes were located in regions syntenic to the QTLs identifi ed in this study. Candidate genes with putative associations with green plant regeneration located at the QTL peaks are shown in Table 3 information, a revised map was developed using MapManager QTX (Manly et al., 2001 ) based only on genetic marker data specifi c to the 71 DH lines for which phenotypic data were available. Initially, regression analysis (R 2 ) was used to select TDMs associated with regeneration (MapManager QTX). Because only 71 of 150 lines were measured for regeneration, composite interval mapping was conducted using the same program to locate the signifi cant QTL (likelihood ratio statistic; LRS) after activating "hide redundant loci" function, which eliminates cosegregating markers. Genomewide threshold levels for green and albino plant QTL were detected using 5000 permutations. Finally, multiple regression analysis was done to determine the total phenotypic variation explained by the signifi cant QTL (Desk v4.1, Data Description, Inc., Ithaca, NY). Locations of markers that were previously identifi ed to be associated with tissue culture response (Bregitzer and Campbell, 2001) were determined by comparing the segregation data of the individual lines. Additional ESTs for genes that have been suggested as being involved in regeneration in other species such as rice (Nishimura et al., 2005) Sharma et al., 2008) , and Arabidopsis (Chatfi eld and Raizada, 2008; Che et al., 2002 Che et al., , 2006 DeCook et al., 2006; Lall et al., 2004; Zhou et al., 2004) were identifi ed by searching HarvEST: Barley. Expression-QTL markers for those ESTs in the peak locations of the green plant regeneration QTL were determined by comparing to the e-QTL map developed by Potokina et al. (2008) .
RESULTS
The fi nal map used for QTL detection contained 363 TDMs (Table 1 , Fig. 1 ) after the cosegregating loci were removed. Regression analysis identifi ed three regions on chromosomes 2H, 3H, and 7H signifi cantly associated with green plant regeneration. Marker Contig8966_11 on chromosome 2H had the highest LRS and additive eff ect for green plant regeneration (Table 2, Fig. 2) . This locus appears to be Qsr1 (Mano et al., 1996 ; also placed near abg019 by Bregitzer and Campbell, 2001) , which explained 22% of the variation for green plant regeneration in our study ( Table 2 ). The markers Contig8970 (3H) and Contig5475 (7H) explained 28 and 17%, respectively, of the variation and colocated to QTL near dor4a and psr129 (respectively) identifi ed by Bregitzer and Campbell (2001) . When Contig8966_11 and Contig5475 were placed in the background, subsequent composite interval mapping (CIM) analysis located a fourth signifi cant region on chromosome 6H, with the highest LRS at marker HCSMEl0013e16r2. This locus appears to be Qsr3 (Mano et al., 1996 ; also placed near ksud17 by Bregitzer and Campbell, 2001) . When the chromosome 6H region was added to the background, no additional signifi cant markers were identifi ed by regression or CIM. In multiple regression analysis, the fi nal model included the four single markers on chromosomes 2H, 3H, 6H, and 7H. They explained 59% of the phenotypic variation for green plant regeneration. This is comparable to the multiple regression results obtained by Bregitzer and (Nishimura et al., 2005; Thibaud-Nissen et al., 2003; Sharma et al., 2008; Chatfi eld and Raizada, 2008; Che et al., 2002 Che et al., , 2006 DeCook et al., 2006; Lall et al., 2004; Zhou et al., 2004) .
DISCUSSION
The availability of genetic resources in rice and Arabidopsis has provided an opportunity to determine which genes may be responsible for the plant regeneration QTL.
For instance, the rice gene NIR was identifi ed as responsible for the QTL qRg1 for rice regeneration on chromosome 1 (Nishimura et al., 2005) . Diff erences in expression levels of NIR caused the diff erences in the number of green plants between high and low regenerating cultivars, demonstrating the importance of nitrogen assimilation in plant regeneration. In the present study, an NIR gene has been located on chromosome 6H near signifi cant marker Table 3 ), suggesting that this gene is a logical subject of study to determine its role in plant regeneration from barley callus.
HVSMEl0013e16r2 (
Expression profi ling and mutant analysis in plants has revealed lists of candidate genes that may be involved in tissue culture response (Che et al., 2002 (Che et al., , 2006 DeCook et al., 2006; Lall et al., 2004; Sharma et al., 2008; Thibaud-Nissen et al., 2003 ; reviews by Namasivayam, 2007; Zhang and Lemaux, 2004 ). Our use of the transcript-derived marker map (Potokina et al., 2008) for QTL placement allows the comparison of candidate genes and e-QTL in barley to other plants. These candidate genes can be sorted into several functional categories: genes associated with plant growth regulators, cell division and the cell cycle, shoot meristem development, chloroplast development, transcription factors, and other functions. Many of the genes fi t into more than one category.
Genes involved in hormone biosynthesis and response (abscisic acid, auxin, cytokinin, ethylene, gibberellin) are located throughout the barley genome and were detected in the QTL on chromosomes 2H, 6H, and 7H (Table 3) . Barley tissue culture methods typically include callus initiation on media containing auxins followed by maintenance and initial induction of shoot meristems on media with both auxin and cytokinin. Shoots are then formed on regeneration media containing cytokinin (Dahleen and Bregitzer, 2002) . It is probably the auxin:cytokinin ratio that is critical for shoot meristem induction (Zhang and Lemaux, 2004) . Cytokinins work in concert with auxins to regulate cell division through cyclins and cyclin-dependent kinases (CDKs) and also upregulate knotted and shoot meristemless (STM) homeobox genes, one of which was located in the suggestive QTL in chromosome 5H (Rupp et al., 1999) . So it is not surprising that genes involved in the synthesis and response to auxins and cytokinins are present in QTL for regeneration. Gibberellins, like auxins, are involved in cell division and expansion. RNA for gibberellin synthesis genes increase throughout somatic embryo development in soybean (Thibaud-Nissen et al., 2003) . Ethylene production infl uences plant regeneration from barley (Jha et al., 2007) . Ethylene is produced from conversion of S-adenosyl methionine through l-aminocyclopropane-l-carboxylic acid (ACC) synthase and ACC oxidase. An extensive study of Arabidopsis ethylene mutants showed that mutations in the ethylene signaling pathway have diff erential eff ects on regeneration (Chatfi eld and Raizada, 2008) . Genes for ethylene biosynthesis were located in the chromosome 6H QTL.
Cell division is an important component of plant regeneration from tissue culture. Genes involved in cell division and the cell cycle were abundant in the QTL on chromosomes 2H, 3H, and 6H (Table 3) . As mentioned above, many of these genes are induced by plant hormones. Cyclin, histone, and CDK genes were the most common cell cycle genes in the QTL for plant regeneration. The chromatin remodeling factor PICKLE was located in the chromosome 3H QTL. The product of this gene is a negative regulator of transcription that represses expression of the leafy cotyledon (LEC) transcription factor complex (Namasivayam, 2007) . LEC is a key gene in embryogenesis that induces embryo-specifi c genes. The role of LEC in tissue cultures may be to initiate formation of embryo-like structures (Lotan et al., 1998 ). An LEC gene was located in the QTL on chromosome 2H, near the PICKLE gene (Table 3) .
In addition to LEC, many other transcription factors have been implicated in shoot regeneration (Table  3) . The most common transcription factors located in our QTL were Apetala 2-domain family genes that include BABY BOOM (BBM) and an enhancer of shoot regeneration (ESR1). These genes may have a role in developing embryogenic competence in tissue-cultured material (Namasivayam, 2007) and are highly upregulated early during shoot development (Che et al., 2006) . In Arabidopsis, BBM induces histone deacetylase genes, which may regulate gene expression during embryogenesis (Zhou et al., 2004) . Cup-shaped cotyledon (CUC) genes were located in our chromosome 3H QTL. This gene is required for shoot meristem formation and is upregulated early during shoot induction (Che et al., 2002) . AGL24, a MADS-box transcription factor, was located in the QTL on chromosome 2H. This transcription factor has been shown to be a regulator of shoot morphogenesis (Prakash and Kumar, 2002) . Another essential aspect of shoot regeneration is the formation of chloroplasts from undiff erentiated callus tissues. Genes for chloroplast precursors were common in the QTL on chromosome 2H, and one was present in the QTL on chromosome 3H. Expression profi ling in several species (Che et al., 2002 (Che et al., , 2006 DeCook et al., 2006; Lall et al., 2004; Sharma et al., 2008; Thibaud-Nissen et al., 2003) has identifi ed a number of up-and downregulated genes during shoot regeneration. Many of these genes have been identifi ed in multiple studies, such as genes for cytochrome P450, glutathione S-transferase, peroxidase, polygalacturonase, and transposons (Table 3 ). All four QTL in our study show the presence of these genes, especially cytochrome P450 genes, which were one of the most upregulated genes in Arabidopsis shoot development (Che et al., 2006) .
The use of EST-based transcript-derived markers to reanalyze barley green plant regeneration data not only confi rmed many of the previously located QTL, it also allowed identifi cation of genes potentially infl uencing green plant regeneration in these QTL. Examining expression of these genes during tissue culture in different cultivars will help us better understand the green plant regeneration process. Manipulating expression of key genes that improve regeneration will increase transformation effi ciency and provide additional tools for barley improvement. 
